Introduction
Capillary tubes, e.g., fused-silica and poly(tetrafluoroethylene), that feature inner diameters less than several hundred micrometers are found to have uniform bores, inert inner surfaces, and good flexibility. Such characteristic capillary tubes play an important role in several unique micro-flow analyses. [1] [2] [3] [4] [5] [6] In one example, Tabata et al. developed an open tubular capillary chromatography method based on microphase separation of mixed solvents, even though they used narrow-bored tubes of 10 μm i.d.; when an acetonitrile-water mixture with suitable salt concentration was pumped into a fused-silica capillary tube in which the inner wall was negatively charged due to the dissociation of its silanol groups, microphase separation occurred near the capillary wall, resulting in a water-enriched aqueous phase attached to the capillary inner wall. 5 The capillary tubes are also known to exhibit interesting and useful physical or hydrodynamic phenomena, such as electro-osmotic flow and laminar flow. The electro-osmotic flow in a capillary tube has capillary electrophoresis [7] [8] [9] and capillary electrochromatography [10] [11] [12] properties while laminar flow conditions enable hydrodynamic chromatography. [13] [14] [15] Recently, it was proposed that, when the ternary solvent mixture of water-hydrophilic/hydrophobic organic solvent is fed into capillary tubes under laminar flow conditions, the mixture solvents are radially distributed in the capillary tubes. [16] [17] [18] The phenomenon of the tube radial distribution of the ternary mixture solvents in a capillary tube under laminar flow conditions will be referred to as "tube radial distribution phenomenon (TRDP)" for convenience.
The tube radial distribution of the solvents, or the TRDP, was also observed in a micro-channel in a micro-reactor under laminar flow conditions. 19 A carrier solution containing fluorescent dyes was delivered into a micro-channel (100 μm width by 40 μm depth) and the tube radial distribution of the dyes was monitored using a fluorescence microscope. For example, when an organic solvent-rich carrier solution (water-acetonitrile-ethyl acetate; 3:8:4 volume ratio) containing perylene and Eosin Y was fed into the channel, perylene (hydrophobic) and Eosin Y (comparatively hydrophilic) were distributed around the center and near the inner wall of the micro-channel, respectively.
A capillary chromatography system has been developed based on the tube radial distribution of the carrier solution in the capillary tube under laminar flow conditions. The chromatography system is called a "tube radial distribution chromatography (TRDC)" system. The TRDC system operated with fused-silica, polyethylene, and poly(tetrafluoroethylene) capillary tubes and a water-acetonitrile-ethyl acetate mixture carrier solution. Separation performance in the TRDC system is A capillary chromatography system has been developed based on the tube radial distribution of the carrier solvents using an open capillary tube and a water-acetonitrile-ethyl acetate mixture carrier solution. This tube radial distribution chromatography (TRDC) system works under laminar flow conditions. In this study, a phase diagram for the ternary mixture carrier solvents of water, acetonitrile, and ethyl acetate was constructed. The phase diagram that included a boundary curve between homogeneous and heterogeneous solutions was considered together with the component ratios of the solvents in the homogeneous carrier solutions required for the TRDC system. It was found that the TRDC system performed well with homogeneous solutions having component ratios of the solvents that were positioned near the homogeneous-heterogeneous solution boundary of the phase diagram. For preparing the carrier solutions of water-hydrophilic/hydrophobic organic solvents for the TRDC system, we used for the first time methanol, ethanol, 1,4-dioxane, and 1-propanol, instead of acetonitrile (hydrophilic organic solvent), as well as chloroform and 1-butanol, instead of ethyl acetate (hydrophobic organic solvent). The homogeneous ternary mixture carrier solutions were prepared near the homogeneous-heterogeneous solution boundary. Analyte mixtures of 2,6-naphthalenedisulfonic acid and 1-naphthol were separated with the TRDC system using these homogeneous ternary mixture carrier solutions. The pressure change in the capillary tube under laminar flow conditions might alter the carrier solution from homogeneous in the batch vessel to heterogeneous, thus affecting the tube radial distribution of the solvents in the capillary tube. based on the obtained experimental data as follows. First, aqueous and organic solvents in the carrier solution are dispersed non-uniformly in a specific flow in the capillary tube under laminar flow conditions, generating organic solvent-rich and water-rich phases in the tube. The organic solvent-rich carrier solution generates an organic solvent-rich major inner phase and a water-rich minor outer phase in the capillary tube, while the water-rich carrier solution results in a water-rich major inner phase and an organic solvent-rich minor outer phase in the tube. That is, a major inner phase is formed around the center of the tube away from the inner wall, and a minor outer or capillary wall phase is generated near the inner wall. The tube radial distribution of the solvent molecules in the carrier solution is thus caused by the flow in the capillary tube under laminar flow conditions; such flow is independent of the tube materials, such as fused-silica, polyethylene, and poly(tetrafluoroethylene). Consequently, the analytes that are delivered through the capillary tube are distributed between the inner and outer phases, undergoing chromatographic separation in the capillary tube. Phenylboronic acid and iminodiacetic acid-modified fused-silica capillary tubes 20 as well as double fused-silica capillary tubes with different inner diameters 21 were also used in the TRDC separation mode to confirm the concept of the TRDC system. The elution behavior of polymer particles as analytes was also examined with the TRDC system. 22 Fluorescence and chemiluminescence detectors were introduced into the TRDC system as well as an absorption detector in order to expand the analytes that could be analyzed with the TRDC system. 23 However, further information on the TRDC system or the TRDP is required for various applications, such as in analytical chemistry, physical chemistry, and chemical engineering laboratories. In this study, a phase diagram for the ternary mixture carrier solvents of water, acetonitrile, and ethyl acetate was constructed and is considered together with the component ratios of the solvents required for the TRDC system. Subsequently, various kinds of water-hydrophilic/hydrophobic organic solvent mixture solutions, other than the usual water-acetonitrile-ethyl acetate mixture solution, were prepared and examined as carrier solutions in the TRDC system.
Experimental

Reagents and capillary tubes
Water was purified with an Elix UV 3 system (Millipore Co., Billerica, MA). All reagents used were commercially available and of analytical grade.
1-Naphthol, 1-naphthoic acid, 1-naphthalenesulfonic acid, 2,6-naphthalenedisulfonic acid, acetonitrile, methanol, ethanol, 1-propanol, 1,4-dioxane, ethyl acetate, 1-butanol, chloroform, and hexane were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Poly(tetrafluoroethylene) (PTFE) capillary tubes having an inner diameter of 100 ± 25 μm were purchased from Yasaka Industries, Inc. (Tokyo, Japan). Figure 1 shows a schematic diagram of the present capillary chromatography system, comprised of an open PTFE capillary tube (100 ± 25 μm i.d., 120 cm length (effective length, 100 cm)), a micro-syringe pump (MF-9090; Bioanalytical Systems, Inc., West Lafayette, IN), and an absorption detector (modified SPD-10AV spectrophotometric detector; Shimadzu Co., Kyoto, Japan). The tube temperature was controlled by dipping the capillary tube (ca. 80 cm) in water maintained at a definite temperature (0 or 15 C) in a beaker with stirring.
Apparatus and procedures
Water-hydrophilic/hydrophobic organic solvent mixture solutions with the various volume ratios were used as carrier solutions. Analyte solutions were prepared with the carrier solutions.
The analyte solution was introduced directly into the capillary inlet side by the gravity method (20 cm height for 30 s). After analyte injection, the capillary inlet was connected through a joint to a micro-syringe. The syringe was placed on the micro-syringe pump. The carrier solution was fed into the capillary tube at 2.0 μL min -1 flow rate under laminar flow conditions. On-capillary absorption detection (320 nm) was performed with the detector.
Results and Discussion
Preliminary experiments at various component ratios of water-acetonitrile-ethyl acetate mixture carrier solution
To the solution having a constant component ratio of water-acetonitrile (hydrophilic) of 100:20 volume ratio was added ethyl acetate (hydrophobic) in a vessel at a temperature of 22 C to prepare carrier solutions with the following compositions: a) water-acetonitrile-ethyl acetate of 100:20:0 volume ratio; b) 100:20:4 volume ratio; c) 100:20:9 volume ratio; d) 100:20:10 volume ratio; and e) 100:20:11 volume ratio. The first four carrier solutions, a) -d), were homogeneous but the last carrier solution, e), was heterogeneous (including two homogeneous phases). The carrier solution d), the water-acetonitrile-ethyl acetate of 100:20:10 volume ratio, was the specific homogeneous solution that possessed the component ratio of the solvents near the homogeneous-heterogeneous solution boundary region of the phase diagram. The analyte mixtures of 2,6-naphthalenedisulfonic acid and 1-naphthol were examined with the capillary chromatography system with the first four homogeneous carrier solutions a) -d).
The obtained chromatograms are shown in Fig. 2 . Only the specific homogeneous carrier solution d), the water-acetonitrileethyl acetate of 100:20:10 volume ratio, could separate the analytes in the mixture.
2,6-Naphthalenedisulfonic acid (comparatively hydrophilic) was eluted first with near the average linear velocity in the capillary tube under laminar flow conditions and 1-naphthol (comparatively hydrophilic) was eluted second with lower velocity than the average linear velocity. The elution order was reasonable in the TRDC system. Fig. 1 Schematic diagram of the present capillary chromatography system. With a water-rich carrier solution, 1) a major inner phase is formed with a water-rich solvent, and 2) a minor outer phase is formed with an organic-rich solvent.
As shown in Fig. 1 , a major inner phase was formed with the water-rich solvent and a minor outer phase or capillary wall phase was formed with the organic-rich solvent in a capillary with a water-rich carrier solution. The analytes that were delivered through the capillary tube were distributed between the inner and outer phases, undergoing chromatographic separation under laminar flow conditions. The other homogeneous carrier solutions a) -c) of water-acetonitrile-ethyl acetate did not show any separation behavior for the analytes under the present analytical conditions (Fig. 2) .
Phase diagram for water-acetonitrile-ethyl acetate mixture and the component ratios required for TRDC
A phase diagram for the ternary mixture solvents of water-acetonitrile (hydrophilic organic solvent)-ethyl acetate (hydrophobic organic solvent) was examined in a vessel at a temperature of 22 C. The obtained phase diagram is shown in Fig. 3 . The dotted curve in the diagram indicates the boundary between homogeneous and heterogeneous phases. The phase diagram showed that each component ratio of the solvents made a homogeneous (one homogeneous phase) or a heterogeneous (two homogeneous phases) solution. The component ratios of the solvents in the carrier solutions a) -d) that gave the chromatograms shown in Fig. 2 were plotted in the diagram. Circles ( ) and crosses (×) indicate baseline-separation and non-separation for the analytes, respectively.
The chromatograms obtained with the homogeneous carrier solutions having the component ratios of the solvents that were positioned near the homogeneous-heterogeneous solution boundary curve in the phase diagram are shown in Fig. 4 . The component ratios of the carrier solutions were as follows: f) water-acetonitrile-ethyl acetate of 100:0:9 volume ratio; g) 80:20:9 volume ratio; h) 60:40:12.5 volume ratio; i) 50:50:17 volume ratio; j) 30:70:33 volume ratio; and k) 14.5:50:50 volume ratio. The component ratios of the solvents for the chromatograms in Fig. 4 were also plotted in the phase diagram with circles and crosses together with triangles ( ) which indicate split-separation (not baseline-separation).
As is clearly shown in Figs. 2 -4 , the TRDC system performed with the specific homogeneous carrier solutions having the component ratios of the solvents that were positioned almost on the homogeneous-heterogeneous solution boundary curve in the phase diagram. Such specific carrier solutions caused tube radial distribution of the carrier solvents in the capillary tube under laminar flow conditions, i.e., the TRDP. The pressure imposed on the carrier solution in the capillary tube under laminar flow conditions might alter the carrier solution from homogeneous in the batch vessel to heterogeneous (although not necessarily with two clear homogeneous phases), affecting the tube radial distribution of the solvents in the capillary tube.
We previously reported as a characteristic separation behavior of the TRDC system that a water-rich carrier solution elutes the more hydrophilic analyte first and an organic solvent-rich carrier solution elutes the more hydrophobic analyte first. [16] [17] [18] That is, in the case of a water-rich carrier solution, the hydrophilic analyte, which is dispersed in the water-rich major phase (around the middle of the capillary tube), is eluted with nearly average linear velocity. The hydrophobic analyte, which is dispersed in the organic solvent-rich minor phase near the inner wall of the tube (pseudo-stationary phase), is eluted with a lower velocity than the average linear velocity. In the case of an organic solvent-rich carrier solution, the hydrophobic analyte dispersed in the organic solvent-rich major phase is eluted with nearly average linear velocity. The hydrophilic analyte dispersed in the water-rich minor phase near the inner wall of the tube (pseudo-stationary phase) is eluted with a lower velocity than the average linear velocity. Therefore, the elution times of the analytes can be easily reversed by altering the component ratio of the solvents in the carrier solution. In fact, in Fig. 4 , the water-rich carrier solutions, such as f) water-acetonitrile-ethyl acetate of 100:0:9 volume ratio, g) 80:20:9 volume ratio, h) 60:40:12.5 volume ratio, and i) 50:50:17 volume ratio, separated 2,6-naphthalenedisulfonic acid and 1-naphthol in this order, while the organic solvent-rich carrier solution, j) 30:70:33 volume ratio, separated them in the reverse order, i.e., 1-naphthol was first eluted and secondly 2,6-naphthalenedisulfonic acid was detected, although it could not provide baseline separation under the present analytical conditions.
Chromatograms obtained with the carrier solutions using various hydrophilic organic solvents instead of acetonitrile
The ternary mixture carrier solutions consisting of water-hydrophilic/hydrophobic organic solvent were prepared by using the water-acetonitrile-ethyl acetate mixture as in our previous reports. [16] [17] [18] [19] [20] [21] [22] [23] Here, instead of acetonitrile (hydrophilic organic solvent), methanol, ethanol, 1,4-dioxane, and 1-propanol were used to prepare the homogeneous ternary mixed carrier solutions that had the specific component ratios of the solvents near the homogeneous-heterogeneous solution boundary region. The component ratios of the solvents in thus prepared carrier solutions were as follows: water-methanol-ethyl acetate (100:20:15 volume ratio), water-ethanol-ethyl acetate (100:20:15 volume ratio), water-1,4-dioxane-ethyl acetate (100:5:10 volume ratio), and water-1-propanol-ethyl acetate (100:10:11 volume ratio). The chromatograms obtained with the homogeneous carrier solutions are shown in Fig. 5 , together with that obtained with the water-acetonitrile-ethyl acetate mixture (100:20:10 volume ratio). It was confirmed from the chromatograms that 2,6-naphthalenedisulfonic acid and 1-naphthol were separated and detected in this order with the TRDC system using the water-rich carrier solutions prepared with various hydrophilic organic solvents.
Chromatograms obtained with the carrier solutions using various hydrophobic organic solvents instead of ethyl acetate
Here, instead of ethyl acetate (hydrophobic organic solvent) in the ternary mixture carrier solution of water-acetonitrile-ethyl acetate as in our previous reports, [16] [17] [18] [19] [20] [21] [22] [23] chloroform, hexane, and 1-butanol were used to prepare the homogeneous ternary mixed carrier solutions that had the specific component ratios of the solvents near the homogeneous-heterogeneous solution boundary region. The component ratios of the carrier solutions were as follows: water-acetonitrile-hexane (100:30:1 volume ratio), water-acetonitrile-chloroform (100:30:1 volume ratio), and water-acetonitrile-1-butanol (100:15:20 volume ratio). The chromatograms obtained with the carrier solutions are shown in 6 , together with that obtained with the water-acetonitrile-ethyl acetate mixture. It was also confirmed that 2,6-naphthalenedisulfonic acid and 1-naphthol were separated in this order with the TRDC system using the water-rich carrier solutions prepared with chloroform, 1-butanol, and ethyl acetate as hydrophobic organic solvents, but they were not separated with the carrier solution using hexane under the present analytical conditions.
Separation of mixture solution including three analytes
We next examined a mixture analyte solution of 1-naphthalenesulfonic acid, 1-naphthoic acid, and 1-naphthol using the present TRDC system with PTFE capillary tube and several types of homogeneous water-rich carrier solutions. The carrier solutions were water-acetonitrile-ethyl acetate (100:20:10 volume ratio), water-ethanol-ethyl acetate (100:20:15 volume ratio), and water-acetonitrile-chloroform (100:30:1 volume ratio). These carrier solutions were prepared based on the concept that the homogeneous carrier solutions were almost on the homogeneous-heterogeneous solution boundary region. The obtained chromatograms are shown in Fig. 7 together with the analytical conditions. 1-Naphthalenesulfonic acid (pKa, 0.57), 1-naphthoic acid (pKa, 3.70), and 1-naphthol (pKa, 9.34) were eluted in this order, leading to separation with the water-rich carrier solution. 1-Naphthalenesulfonic acid was eluted with almost the average linear velocity under laminar flow conditions, while the other compounds, 1-naphthoic acid and 1-naphthol, were eluted in this order with velocities lower than the average linear velocity. The elution order of 1-naphthalenesulfonic acid, 1-naphthoic acid, and 1-naphthol was reasonable if one considers the hydrophilicity or hydrophobicity based on their molecular structures or pKa values.
Conclusion
Tube radial distribution of carrier solvents of ternary aqueous-organic mixtures was performed in capillary tubes under laminar flow conditions. The specific distribution behavior of the carrier solvents is referred to as the "tube radial distribution phenomenon (TRDP)". Capillary chromatography without using any packing agents and applying high voltage was accomplished by taking advantage of the specific carrier solvent flow based on the TRDP. This chromatography system is called "tube radial distribution chromatography (TRDC)" system. The phase diagram for the water, acetonitrile, and ethyl acetate mixture was examined and considered together with the component ratios of the solvents required for the TRDC system. The TRDC system was performed with homogeneous solutions having the component ratios of the solvents that were positioned almost on the homogeneous-heterogeneous solution boundary curve of the phase diagram. Various types of water-hydrophilic/hydrophobic organic solvents, other than the usual water-acetonitrile-ethyl acetate mixture, were prepared for the TRDC system. Thus-prepared carrier solutions were found to be usable for chromatographic separation in the TRDC system. The pressure change in the capillary tube under laminar flow conditions might change the carrier solution from homogeneous in the batch vessel to heterogeneous (although not necessarily with two clear homogeneous phases), affecting the tube radial distribution of the solvents in the capillary. The role of the pressure change in the capillary tube will be examined in future studies of the TRDC system. 
